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BACKGROUND OF THE INVENTION 
Field of the Invention 

The invention relates to long-distance quantum communication systems and methods for 
the ochomo and method for entanglement-based quantum communication protocols, such 
as quantum teleportation and quantum cryptography. 

Description of the Background 

All current proposals for implementing quantum communication are based on photonic 
channels. The degree of entanglement generated between two distant quantum systems 
coupled by photonic channels decreases exponentially with the length of the connecting 
channel due to optical absorption and noise in the channel. This decrease represents a 
loss of "entanglement fidelity" in the communication system, which can be restored via 
"entanglement purification/' Entanglement purification (referred to as simply 
"purification'' in the literature) Purification means regaining a high degree of 
entanglement. See , e.g.. Bennett, C. H. et al. ^^-Purification of noisy entanglement and 
faithful teleportation via noisy channelsH^T Phys. Rev. Lett. 76, 722-725 (1991). Jlie 
Exponential exponential decay of entanglement as a function of channel length requires 
an exponentially increasing number of partially entangled states to obtain one highly 
entangled-state s state . 

The concept of quantum repeaters has been proposed to overcome the difficulty 
associated with the exponential fidelity decay of entanglement . Se e, e.g.. Briegel, H.-J., 
Duer, W., Cirac, J. I. & ZoUer, P.^-Quantum repeaters: The role of imperfect local 
operations in quantum communication!!^ Phys. Rev. Lett. 81, 5932-5935 (1991). A 
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quantum repeater using a cascaded entanglement purification protocol for a quantum 
communica tien s communication syst e ms system w ash is proposed in the article by K nill 
E., Laamme, R. & Zurek, W. H. . entitled "- Resilient quantum computation^!!^ Science 
279, 342-345 (1998^ and in the article by Preskill, J. , entitled "- Reliable quantum 
computers;!! Proc. R. Soc. Lond. A 454, 385-410 (1998). .This-Jhejroposed quantum 
repeater includes many short segments, with the length of each segment being 
comparable to a channel attenuation length. The proposed quantum repeater is used by 
first generating entanglement and purifying the entanglement for each segment.t th e The 
purified entanglement is then extended to a longer length b y connecting two adjacent 
segments through entanglement swapping, and so on. Each entanglement swapping^ 
however, decreases the overall entanglement,j5iiiich therefore r e quiring requires a large 
number of iterations for sufficient purification. 

The inventors r e cognized that, to implem e nt the quantum r e p e ater protocol, on e n ee ds to 
generat e e ntangl e m e nt betw ee n distant quantum bits (qubits), store th e m for suffici e ntly 
long tim e and p e rform local collectiv e operations on s e v e ral of those qubits. Th e 
inv e ntors recogniz e d that th e r e quir e m e nt of quantum memory is essential since all 
purification protocols are probabilistic. Th e inventors recogniz e d that, wh e n 
entanglement purification is p e rform e d for each s e gment of th e channel, quantum 
memory^ can bo us e d to k e ep the segment state if the purification succe e ds and to repeat 
the purification for the segm e nts only where th e pr e vious att e mpt failed. The inv e ntors 
recogniz e d that this is essentially important for polynomial scaling prop e rti e s of the 
communication e ffici e ncy since no available memory would require that th e purifications 
for all th e segments succ e ed at the sam e time, and the probabilit>^ of such event decr e as e s 
exponentially with the chann e l length. The inventors recognized that the requirem e nt of 
quantum momor>^ implies that local qubits b e stored in atomic internal stat e s inst e ad of 
the photonic states, since it is difficuh to store photons. Th e inv e ntors recognized that, if 
atoms ar e the local information carri e rs it would b e difficult to implement quantum 
repeaters, since the prior art indicates that would r e quire strong coupling b e twe e n atoms 
and photons with high finess e cavities for atomic entangl e ment gen e ration, purification, 
and swapping. See also Cirac, J. L, ZoU e r, P., Kimble, H. J. & Mabuchi, H. Quantum 
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state tronofor and ontanglomont diotribution among diotont nodoo in a quantum notwork, 
Phyo. Rov. Lott. 7 8 , 3221 3221 (1997), Enlc, S. J., Cirao, J. 1. & ZoUor, P. Photonic 
ohannolo for quantum oommunioation, Soionoo 279, 205 207 (1998). Strong coupling 
technology dooo not appear to b e feasibl e . 

SUMMARY OF THE INVENTION 

Implementing the long-distance quantum communication systems and methods of the 
present invention includes generating entanglement between distan t quantum bits 
(qubitsV storing them for sufficiently long time, and performi ng local collective 
operations on several of these qubits. Having quantum m emory is essential for the 
system, since all purification protocols are probabilistic. W hen entanglement purification 
is performed for each segment of the channel, the Quantum memory is u sed to keep the 
segment state if the purification succeeds, and to repeat the pu rification for only those 
segments where the previous attempt failed. Having quantum memory is important for 
the polynomial scaling of the communication efficiency because having no available 
memory means that the purifications for all the segments must succeed at the same time. 
Unfortunately, the probability of su^this happening decreases expo nentially with the 
channel length. The requirement of quantum memory implies that lo cal qubits are stored 
in atomic internal states instead of the photonic states, since it is difficu lt Cto the point of 
impracticalitv't to store photons. If atoms are used as the local informat ion carriers, it is 
difficult to implement quantum repeaters because of the t echnically challenging 
proposition of having to use strong coupling between atom s and photons with high- 
finesse cavities for atomic entanglement generation, purific ation, and swapping. 

An example embodiment of an apparatus of the present invention inclu des a light source. 
two cells each contain in g an atomic ensemble with a Lambda level c onfiguration 
(examples are alkali atoms such as Sodium. Rubidium and Ces iumV two filters, two 
channels, a beam splitter and two single-photon photodetectors. 

It io an object of the invention to provide for ontanglomont gonoration vnih built in 
entangl e ment purification botwoon two atomio e no e mbleo. 
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It is an obj e ct of th e invention to provid e for e ntangl e m e nt gen e ration with built in 
e ntangl e m e nt purification betvvoon multipl e atomic e ns e mbles. 

It is another object of the inv e ntion to provid e long quantum communioation distanc e . 

It is another object of tho invention to provide for quantum toloportation, cr>^ptography, 
and B e ll inequality d e tection. 

It is another object of th e inv e ntion to provid e a quantum communication system having 
buih in entanglement purification and intrinsic fault tol e ranc e . 

It is another object of the inv e ntion to provide a quantum communication syst e m in 
which resourc e s scal e polynomially with transmission distanc e . 

It is another object of tho inv e ntion to provide a quantum communication system relying 
upon collectiv e e xcitations for entangl e ment of quantum syst e ms. 

Tho objects of th e invention ar e provid e d by a syst e m and method comprising generating 
pulses of light in a puls e d source of Ught, wher e in e ach puls e of light includes at l e ast on e 
photon; propagating a first puls e of light g e nerated in said pulsed source of light into a 
first ens e mble having a first coll e ctiv e e xcitation state, wherein photons in said first pulse 
of light have an en e rgy that con excite said first coll e ctive e xcitation; propagating a 
second pulse of light gen e rat e d in said pulsed sourc e of light into a s e cond ensembl e 
having a s e cond coll e ctiv e e xcitation state, wher e in photons in said s e cond pulse of light 
have on energy that can e xcit e said s e cond coll e ctiv e e xcitation; r e c e iving from said first 
ensemble and said s e cond e nsemble at an intorferer for interf e ring light pulses 
substantially only photons resulting from generation of said first collectiv e excitation and 
said s e cond collective excitation; and rec e iving at a first singl e photon detector and 
second single photon det e ctor light puls e s fi'om said int e rf e rer propagated to said 
intorfer e r from said first ensemble and said second e ns e mble. Additional aspects of th e 
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systom and method include controlling photon det e otion of said first single photon 
d e t e ctor and said second singl e photon d e tector with a photo d e t e ctor controll e r; 
pr e venting photons not r e sulting fi-om generation of coll e ctiv e excitations in one of said 
first e ns e mble and said socond ensemble from reaching said interfer e r with a first filt e r 
disposed betw e en said first ensemble and said interferer; prev e nting photons not r e sulting 
from goncration of colloctiv e e xcitations from r e aching said int e rf e r e r with a socond filt e r 
disposed betw ee n said second ensembl e and said intorforer; wher e in an incid e nt photon in 
a puls e of light gen e rated by said sourc e of light and transmitt e d into eith e r said first 
ensembl e or said second e nsemble has a substantial probability of interacting with th e 
onsomble to gen e rate a ooll e ctivo excitation in th e e nsembl e ; wh e r e in said e ns e mble 
compris e s solid matter; wher e in said ens e mbl e compris e s gas e ous matter; wher e in said 
ensembl e comprises liquid matter; wh e rein said colloctive e xcitation of a photon in said 
pulses of light interacting with one of th e ensembles to generate one of the coll e ctiv e 
excitations defines a Stokes process; wher e in e ach of tho ens e mbles have substantially, 
identical colloctive e xcitation e nergies; wherein said first onsomble and said s e cond 
ens e mbl e comprise alkali atoms; wher e in said first e ns e mbl e and said s e cond ens e mble 
compris e Cosium atoms; wh e r e in a density of Cesium atoms in each on e of said first 
ensembl e and said socond e nsembl e is betw e en 1 and 100 atoms per cubic micro m e t e r; 
whoroin said provcnting photons not r e sulting from g e neration of collectiv e e xcitations in 
one of said first ensemble and said second ensemble from reaching said interfer e r 
compris e s a wavel e ngth sensitive first filter disposed betw ee n said first ensemble and 
said intorforer; wh e rein said source comprises a synchronizer for synchronizing 
transmission from said source of two pulses; wherein said source compris e s a las e r; 
wh e r e in said sourc e compris e s a flash lamp; wh e rein said first ensemble and said second 
onaomblo contain moloculos oach of which has a colloctive excitation; ceasing generating 
pulses of light in said pulsed source of light when one of said d e t e ctors d e t e cts a puls e ; 
entangling a third ensemble with a fourth ensembl e , e ach having a collectiv e excitation 
state, wherein photons in said first pulse of light hav e an energy that can oxoit e said 
colloctive excitation state; entangling said first and second onsomblos with said third and 
fourth e nsembles; entangling comprises detecting a pulse propagated through a second 
beam splitter to one of a third single photon detector and a fourth single photon detector; 
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filtering pulsoB tranomittod towards said oooond boom oplittor; ontangling said third and 
fourth ono e mblos with fifth and sixth onsomblos; ropoatod applications of tho baoio steps 
for ontanglomont with additional sots of onsomblos to provide long distanoo quantum 
communication in which rosouroos only scalo polynomially with tho communication 
diotancc; ropoatod applications of the baoic stopo for ontanglomont with additional soto of 
onsomblos to provide long distanco ontanglomont gonoration comprising in which 
rosourcos only soolo polynomially with tho communication distanc e . 

In a proforrod ombodimont, objects of tho invention ore provided by on apporatuo 
comprising a pulsed source of coherent or incoherent light, two colls >vith alkali (Lithium, 
Sodium, Potassium, Rubidium, Cesium, Francium) atoms gas samples (atomic 
onsomblos), two filtoro, two chonnols, a beam splittor, two single photon photo detectors. 
Additional elements of the apparatus include the oloctronic control system for the 
detectors, and the system for synchronization of classical laser pulses. Methods of the 
invention use the embodiment of the apparatus summarized above to implement th e 
objects of tho invention. Importantly, Ifae apporatuo of the invention has oommunioation 
effioionoy that oeal e o polynomially wifli ohonnel long fer 

AHHitinnnl physical Physical systems that may be used for atomic ensembles of the 
invention include ensembles of atoms in similar potential energy traps, such as atoms in 
an ion trap, optical lattice position, or crystal lattice position, and which have collective 
excitationsjo that they may couple to photons, such as phonon excitations in solids. 
Preferably, these atomic systems have energy levels similar to the Lambda configuration 
lovol structure such that their collective excitations can be coupled to flying qubits in the 
same matter aas-asfor alkali metal atoms. Additionally, ensembles of localized 
excitation states such as electron states in superiattice structures including quantum dot 
ensembles, and Bose-Einstein condensates, may be useful ensembles for implementing 
the invftntin n, and are also included in the definition of "at omic ensemble" as the phrase 
is used herein. 
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A firot method uooa proforrod ombodimont of tho apparatus which io modifiod to extend 
quantum oommunioation diotano e by moono of entanglomont owapping. 

Ah - Another embodiment for implementing a second method of the invention comprises 
a source, four atomic ensembles, two beam splitters, four single count photo detectors 
sinele-ohoton detectors (SPDs), and two phar . o r.hifto interferers . Additional elements 
comprise a synchronizer and single count photo detectors control system. Four atomic 
ensembles form two pairs of entangled atomic ensembles. A second AnotiiaLmethod uses 
apreferred embodiment of the apparatus whi6h4s-modified to be efficiently used in the 
quantum communication protocols, such as quantum cryptography, and for Bell 
inequality detection. 

An -Another e mbodiment for implem e nting a third method of the invention comprises a 
source, six atomic ensembles, two beam splitters, and four single count photo detectors. 
Additional elements comprise a synchronizer and single count photo detectors control 
system. Six atomic ensembles form two pairs of entangled atomic ensembles and two 
pairs of atomic ensembles with collective atomic excitations. A^drnd-Another method 
uses a.preferred embodiment of the apparatus which is m odified for realization of the 
quantum teleportation of the atomic polarization state. 

Thi sThe present invention relies upon collective rather than single particle excitations in 
atomic ensembles. It provides entanglement connection using simple linear optical 
operations, and it is inherently robust against the realistic imperfections. Here, 
nntfinglnmnnt nnnnoction "entanglement connection" m eans that two objects are 
connected^ through entangled systems. Consider the system of FIG. 2 (described in more 
detail below^ having T -given-two separate entangled bipartite systems. That is to say, the 
two pairs (L, II) and (R, 12) where the subsystem L is entangled with subsystem II and 
subsystem R is entangled with subsystem 12. There is a way to create an entangled state 
between the two subsystems L and R. .Such a process is generally calle d entanglement 
nnnnootin n "entanglement connection."T A simple example of entanglement connection is 
npiiiAH nntnnjTinmnnt nnnppin p "entanglement swappiug ." Entanglement swapping is deae 
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accomplished b v performing a so-called Bell-measurement between the two other 
systems II and 12. A successful Bell-measurement will conn e o t connects the two 
subsystems L and R into an entangled state. In linear optics, it is often the case that a 
Bell-measurement can be successfully performed only probabilistically. A method to 
implement such a probabilistic Bell-measurement with linear optics and single-photon 
detectors of finite efficiency is shown in ew-FIG. 2 and discussed below. 

Quantum communication protocols of the present invention inefades include quantum 
teleportation, cryptography, and Bell inequality detection. Porfoot ontanglomont "Perfect 
entanglement" m eans that interacting physical systems are fully correlated. Increasing 
communication length in embodiments of the present invention only increases overhead 
in the communication time polynomially. 

An example embodiment of the : fte-present invention ea*%e-is_implemented with only 
linear optical components such as beamsplitters^ and simple non linear oompononto auoh 
as-imperfect single-photon detectors. Yet, it allows intrinsic fault-tolerance. The 
invention is probabilistic. Many of the sources of errors do not affect the resulting state, 
even though they affect the probability of success. Some of the errors only eifeet-affect 
the coefficients of the successful state. Such modified coefficients can be easily 
compensated for or taken into account by system design without affecting polynomial 
scaling. Thus, one advantage of the present invention is that it allows fo Ltho distribution 
of Inng dintance lone-distance quantum communication or entanglement with resources 
that only scale polynominally with the communication distance. 

The present invention also provides stable local information carriers, *:^i e., stable 
quantum memory, due to the stability of collective excitations, resulting in relatively long 
decoherence times. In addition, relatively large cross sections exist between certain 
photons and certain collective excitations nnn nf which providosthat provide a substantial 
probability of collective excitation generation^ per incident photon. These probabilities 
can be as great as approaching 1, preferably at least O.S^jnd less preferably 0.25 or 0.1. 
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The inventors recognized that the light source may excite a number of other optical 
modes besides the desirable collective mode te-be-discussed below. The effects of Aese 
the other optical modes can be computed by standard perturbation theory in quantum 
mechanics. Therefore, it is simplest to understand the present invention by focusing on 
the desirable collective mode only. For this reason, a one-dimensional light propagation 
model and only the desirable collective mode are discussed herein below, and all other 
optical modes are ignored. However, the invention applies to more general configurations 
and is operable in the presence of other optical modes. 

BRIEF DESCRIPTION OF THE FIGURES 

Embodiments of the invention ¥4tl-be-are described below in conjunction with the 
following figurefr-Jigures Jn which like or corresponding elements are given the same 
idontifioatio n reference number . 

FIG. 1 is a schematic diagram o f a novel apparatus of an example embodiment of_an 
apparatus according to the present invention that is used to create entanglemen t between 
two atomic ensembles the prosont inv e ntion ; 

FIG. 2 is a schematic diagram of n nnvol apparatus of anoth e r an example embodiment of 
an apparatus according to the present invention that emplovs two pairs of atomic 
ensembles for performing entanglement swapping , of the im^ontion ; 

FIG. 3 is a schematic diagram of a nother example embodiment of an ^ tevel-apparatus ef 
nnnth e r e mbodiment according to the present invention that emplovs two pai r s of atomic 
ensembles for realizing quantum cryptography and Boll inequality dotoction ; and 

FIG. 4 shows i s.a schematic diaa:am_setep-of aft-_aiLapparatus ef -according to t he present 
invention that is adapted for performing probabilistic quantum teleportation of ^an 
atomic polarized state. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In some formulas below, the "proportional to" sign f .about.'> is replaced bv a box symbol, 
such as "quadrature." which also means "propor tional to." 

.\n embodiment of an apparatus of tho prooont invontion comprisoo a light oourco, two 
coUg each with a gao oamplo of atomic cnsombloo of atoms with a Lambda lev e l 
configuration (oxamplos arc alkali atoms auoh as Sodium, Rubidium and Coaium), two 
filtoro, two channolo, a boom gplittor and two photodetootoro, as shown in FIG. 1. 

FIG. 1 shflws -is a schematic diagram of an example e mbodiment of an apparatus 1 
according to the present invention. Apparatus 1 includes including a light source 1 0. 
Light source 10 may include a pulser or amplitude modulat or to convert continuous light 
to pulsed light. Source 10 may also include electronics for synchronizing laser pulses. 
Light source 10 emits either continuous light or pulses of li ght. In an example 
embodiment, light source 10 is laser. 

Apparatus 1 also includes ^ a sourc e & light pulse synchronizer 20 optically coupled to 
light source 10 and from which emanates r elight beams fpulses) PI and P2 along optical 
paths 30 7 and 40 t. Synchronizer 20 is adapted to receive light PO f rom light source 10 
and generate synchronized output beams (e.g.. synchronize d output pulses PI and P2) 
along optical paths 30 and 40. Apparatus 1 also includes two atomic ensemble cells 50 
and- 60 (containing atomic e nsembles L, R. respectively^ - Cells 50 and 60 are arranged 
alone optical paths 30 and 40. respectively, so as to receive syn chronized light pulses PI 
and P2 from the synchronizer. In an example embodiment , atomic ensembles L and R 
emit Stokes light pulses SL and SR in response to being irradia ted bv the synchronized 
laser pulses. In an example embodiment, each cell contains an alkali gas sample 
containing about 10^^ atoms of an alkali element. The cells may be, for example, gla ss 
cells with an interior antireflection coating. To facilit ate enhanced coupling to optical 
pulses PI and P2. the atomic ensembles are preferably opticall y thick along the direction 
of light propagation. This is achieved, for exampl e, bv providing a pencil-shaped cell. As 
mentioned above, the term "atomic ensemble" is not limited to atoms per se, and the 
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phrase as used herein is to be construed broadly to include other forms of matter capable 
of supporting a collective excitation and emitting Stokes light pulses, such as molecules, 
ensembles of localized excitation states such as electron states in superlattice structures 
including quantum dot ensembles, Bose-Einstein condensates, and the like. 

5 

A pparatus 1 also includes filters 70 7 and 80 arranged downstream of and optically 
coupled to cells 50 and 60, respectively. Filters 70 and 80 are structured to select (i.e.. 
transmit) a specified polarization and frequency corresponding to Stokes light pulses SL 
and SR emanating from cells 50 and 60. respectively, and to reject (i.e.. reflect) all other 
light along optical paths 90 and 100. respectively. ? 

Further included in apparatus 1 are light b e ams 90. 100, transmission channels 110 and^ 
120 arranged downstream of and optically coupled to filters 70 and 80 via optical paths 
130 and 140. respectively. In an example embodiment, transmission channels 1 10 and 
120 are structures, such as optical fibers, through which propagate Stokes pulses SL and 
SR transmitted bv filters 70 and 80. 

Apparatus 1 further includes a beamsplitter 150 arranged at the intersection of 
transmission channels 1 10 and 120. Beam splitter 150 is preferably a mirror that 
provides 50% incident intensity reflection and transmission. In alternative 
embodiments, beam splitter 150 is or includes a 50:50 fiber coupler. Light exiting 
beamsplitter 150 can travel along two optical paths 160 and 170. Generally, beam 
splitter 150 is adapted to interfere the Stokes light pulses SL and SR from channels 110 
and 120 with a 50:50 ratio. That is. the beam splitter serves as an 'Hnterferer" because it 
provides for interference of the two Stokes light pulses. 

, Qtokoa pulses 130, HO, beam oplittor 150, stokes pulooo 160, 170, oinglo photon photo 
dotoctors 180, 190, and photo dot e otor control syotom 200. Atomic ensomblos 50, 60 each 
comprise a coll of an alkali gas sample. Source 10 comprisos a coherent or incoherent 
light sourc e . 



11 



Souroo 10 may include a pulsor or omplitudo modulator to convert oontinuouo light to 
pulsed light. Source 10 may includo oloctronioo for synchronizing laoor pulooo. Source 10 
emits e ither continuous light or pulses of light. 

Colls 50, 60 each contain atomic onoGmbloo L, R. that can emit Stokes light pulses in 
roaponso to illumination by synchronizod laoor pulooo. Each coll contains an alkali gas 
oomplo oontoining about 10 (oiroumflex ovor ( )) .sup. 12 atoms of an alkali olomont. The 
oolls are gloss ooUo wth antirefleotion inside coating. To faoilitato onhanood coupling to 
light, the atomio medium is preferably optically thick along one direction. This can b e 
easily aohioved by worlcing with a pencil shaped atomic sample. 

Filtoro 70, 8 0 aro structured to ooloct (i.e., not rofloot) opooifiod polarization and 
frequency of light propagating from cello 50, 60, and to reject (i.e., rofloct) non oolocted 
polarization and frequency light propagating from cells 50, 60. 

Transmission channels 110, 120 ore structures, such as fiber optic, through which light 
transmitted through filters 70, 8 0 may propagate. 

Beam splitter 150 io preferably a mirror that providoo 50 porcont incident intonoity 
reflection and transmission. In alternative embodiments, beam splitter 150 may b e 
replaced by a 50: 50 fiber coupl e r. 

A pparatus 1 also includesS iagle singles-photon phete-detectors (SPDs)180.7and 190^ 
which in an e xam ple embodiment are conventional deteeteFS.Sros capable of receiving 
and detecting light propagated along respective optical p aths 160.Tjnd 170 from beam 
splitter 150. 

Channels 1 10, 120 convey the Stokes light pulses from filters to beam splitter 150 . Beam 
splitter 150 interferes the Stokes light pulses with a 50^0 SO^o ratio. 
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That io, tho boom oplittor provides for intorforonoo of tho two Stolcoo light pulooa. It'o 
function in thorofore that of an int e rfer e r. 

Single photon photo dotootoro 1 8 0, 190 dotoot puloos rocoivod from boom splittor 150. 

Additional elements svst^« -of apparatus 1 include a photodetec tor control system 200 
operablv coupled to SPDs 180 and 190. Photodetector control system 200 includes, for 
example, e lectronics for controlling the operation of the oinglo photon photo dotootoro 
1 80, 1 OO .SPDs. Apparatus 1 also includes - aad-electronics (not shoyvn\ such as a 
controller, for controUing the operation of light source 10 and/or synchronizer 20 for 
synchronizing laser pulses PI and P2 delivered to cell s 50 and 60. 

In operation, light source 10 generates synchronized laser pulses PO and synchronizer 20 
creates therefrom synchronized light pulses PI and P2 that p ropagating propagate along 
optical p aths 30 ;and 40andT into atomic ensembles L and R contained in cells SOjjnd 
60. Stokes light pulses SL an SR are emitted from the atomic ensembles L and R in cells 
50-and 60; in response to illumination b eing irradiated b y #ie-_synchronized laser pulses 
PI and P2 . For the generation of entanglement using Stokes light pulses generated in the 
cells, fee- light source 10 must operate at the wavelength v^aeb - that m atches the 
transition frequency of the atoms of tho corrooponding allcali olomont which formo the goo 
atomic ensembles s ample-in each the^ell. jjght Setgees sources 10 -capable of matching 
that can match the transition frequency nf thg ^nlltnli atnmfl a tomic ensembl e s contained i n 
cells 50t - and 60 include certain coherent and partially coherent sources, such as certain 
lasers, including solid state, semiconductor, dye, free electron, and gas lasers. 

-As mentioned above, in an I n one preferred_ ejcamBle embodiment, light source 10 is 
laser. More particularly, in an example embodim ent, light source 10 is a diode laser 
emitting pulses PO at a wavelength of 852 nm with apulse duration of 0. 1 microsecond 
and a_typi6al-repetition rate of at least 1 MHz. This wavelength matches the absorption 
energy of Cesium atom ensembles^ at approximately room temperature, of 852 nm. 
^Approximately room temperature" in this context means temperatures between about 20 
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and about 30 Celsius. Preferably, each cell 50>and 60 contains a cloud of approximately 
N identical alkali atoms. 

Preferably, the atomic ensembles Uand R in cells SO^jnd 60 . respectively, comprise 
atoms having a Lambda-level structure. For instance, an example atomic ensemble 
includes Rubidium atoms in_vapor form at around 70 to 90 degree Celsius, with atomic 
densities of about 10^4o 10^^ per cubic centimete r, used in combination with a light 
source 10 in the form of- emd a diode laser with a frequency close to its- the atomic level 
transition frequencv for Rubidium . In one example embodiment, the alkali atom 
ensembles are at low temperature. .For instance, in one embodiment, approximately 1 1 
million sodium atoms are cooled to about 0.9 micro-Kelvin, just above the critical 
temperature for Bose-Einstein condensation/rhe.r*e cell defines the atomic eleud 
ensemble t o have a length of about 350 micro met e rm icrons in the longitudinal direction 
^traveled by the light and about 55 micro moteri nicrons in the transverse directions, and 
a peak atomic density of about 1 1 atoms per cubic micro met e r j nicron. Generallv. 
Atemie - atomic densities in the range of 1 to 100 atoms per cubic centimeter mayb e 
usefa kan be used . 

A desirable longitudinal dimension for cells 50 and 60 ef on the order of 3 cm ift4he 
longitudinal direction of coll, 50, 60 is desirable . However, if a larger dimension is 
employed, one can incr e ase t he overall decoupling strength between the source signal and 
the atom ensemble is increased . Depending on the identity and density of the rtem 
medium making up the atomic ensembles, omplovod. in some applications, a larger cell 
dimension of the c e ll m ay be desirable. 

The relevant level structure of the atomic ensembles a toms in the ensembl e contains | g > 
the ground state, | s >, the metastable state for storing a qubit, and | e >, the excited 
state. The transition |g > -> I e > is coupled by the classical laser with the Rabi 
frequency, and the forward scattering Stokes light comes from the transition \e>->\s> 

An off-resonant coupling with a large detuning A is assumed. The two atomic 
ensembles L and R are pencil shaped and illuminated by the synchronized classical laser 
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pulse s PI andP2 . The forward-scattering Stokes pulses 130 and 140 are transmitted 
through polarization and frequency selective filters 70 jnd^ 80, propagate through 
channels 110 and- 120 and interfere at #0%-50%50i50 beam splitter 150. Finally, single 
photons propagating through beam splitter 150 are detected in i singlo photon 
deteetefsSPDs ISO^and 190. .If there is a click in either SPDd eteetef 180 or 190, the 
process is finished and the entanglement is generated between the atomic ensembles L 
and R. Otherwise, a repumping pulse is first applied to the transition | ^ > | e > on the 

ensembles L and R to set the state of the ensembles back to the ground state if" ^ 
then the same classical laser pulses as in the first round are applied to the transition |g > 
^ I e > and the forward-scattering Stokes pulses are dotootod again after tho beam 
sptitt CT generated . This process is repeated until finally there is a click in either the 
deteetefSPD 180 or 190. 



A pair of metastable lower states | g > -and | s > corresponds ^ e.g., to hyperfine or 
Zeeman sublevels of electronic ground state of alkali atoms. All the atoms are initially 
prepared in the ground state | g >• A sample is illuminated by a short, off-resonant laser 
pulse that induces Raman transitions into the states | s >. The forward-scattered Stokes 
light that is co-propagating with the laser is uniquely correlated with the excitation of the 
symmetric collective atomic mode S given by 

where the summation is taken over all the atoms (or molecules, etc.') in the atomic 
ensemble. In particular, an emission of the single Stokes photon in a forward direction 
results in the state of atomic ensemble given by 

where the ensemble ground state is given by 



The light-atom interaction time is short enough so that the mean photon number in the 
forward scattered Stokes pulse is much smaller than 1. An effective single-mode bosonic 
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operator a can be defined for this Stokes pulse with the corresponding vacuum state 
denoted by | 0 >p. The whole state of the atomic collective mode and the forward- 
scattering Stokes mode is written in the following form: 

k) = |0).|0>, +>/^S''''|0),iO), MPc) (,) 
where pc is the small excitation probability and o(pc) represents the terms with more 
excitations whose probabilities are equal or smaller than p^c • A fraction of light is 
emitted in other directions due to the spontaneous emissions. However, whenever Na is 
large, the contribution to the population in the symmetric collective mode from the 
spontaneous emissions is small. As a result there is a large signal-to-noise ratio for the 
processes involving the collective mode, which greatly enhances the efficiency of the 
present methods. 

The methods of the present invention generate entanglement between two distant atomic 
ensembles L and R using thn nnnfigiiratinn r.howTi apparatus 1 of 4 fi-FIG. 1 . .Two laser 
pulses excite both atomic ensembles L and R simultaneously and the whole system is 
described by the state 

are given by Equation (1) witii all tiie operators and states distinguished by the subscript 
L or R. The forward scattered Stokes light (i.e.. Stokes pulses 130 and 140) from both 
ensembles is combined at the-beam splitter 150 and a photodotoctor . cHck in either 
deteete^^SPD_180 or 190 measures the combined radiation from two samples, 

"Korfllf- with 

a, = (a,±e%>/>/2 

Here, q) denotes an unknown difference of the phase shifts in the two-side channels JTO 
and 120 . The variable 0 has an imaginary part to account for the possible asymmetry of 
the setup, which will also bei s corrected automatically. The asymmetry can be easily 
made very small, and q> is assumed real in the following. Conditional on the detector 
click, a+ or a. ef- are applied to tiie whole state 
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This provides the projected state of the atomic e nsembles L and R being nearly 
maximally entangled with the form (neglecting the high-order terms o(pc): 



^LR \ ^ " I ^/^l (2) 

The probability for getting a click is given by pc for each round, so the process must be 
repeated about 1/pc times for a successful entanglement preparation, and the average 
preparation time is given by 

The states 

1^ y 

I ^/isand 

^ y 

i>Ilr 

are easily transformed to each other by a local phase shift. Without loss of generality, it is 
assumed in the following that the entangled state 

is generated. 

The presence of the noise modifies the projected state of the ensembles to 

where the "vacuum" coefficient cq is determined by the dark count rates of the photon 
detectors. It will be seen below that any state in the form of Equation (3) will be purified 
automatically to a maximally entangled state in the entanglement-based communication 
schemes. Therefore^ this state is called an "effective maximally entangled" (EME) state 
with the vacuum coefficient cq determining the purification efficiency. 

Each step of the process of entanglement generation and corresponding applications 
contains built-in entanglement purification^ which makes the method resilient to realistic 



17 



noise and imperfections.. In entanglement generation, the dominant noise is photon loss 
noise, which includes the contributions from the channel attenuation, the spontaneous 
emissions in the atomic ensembles (which results in the population of the collective 
atomic mode with the accompanying photon going to other directions), the coupling 
inefficiency of the Stokes light into and out of the channels, and the inefficiency of the 
single photon dotoctors SPDs. The loss probability is denoted by ~ with the overall 
efficiency 

where the channel attenuation 

is separated tan io the channol attonuation longth) from other noise contributions rjp with 
rip independent of the communication distance T.^ {r-T.^ is the channel attenuation length). 
The photon loss decreases the success probability for getting a detector click from;7c to 
ri^c , but it has no influence on the resulting EME state. In this sense, the entanglement 
purification process is built-in and the process is intrinsically fault-tolerant. Due to this 
noise, the entanglement preparation time is replaced by 

In non-technical terms, many types of errors are in some sense, "self-correcting" in the 
process. Note that the method of the invention is probablistic in that it depends on the 
Qwintonoe occurrence o f a pulse being detected d etee^, where each outcome of an event 
is known to be either a "success" or a "failure;* e.g., by the existence or non-existence of 
a pulse detection. Errors that are self-correcting affect the probability of success and the 
coefficients of the resulting states, but they do not, a priori, lead to a corrupted state, 
when the protocol indicates a "success" in the process. The change in coefficients in the 
process due to errors can be either pre-computed or observed in a real experiment. 
Therefore, those effects can be compensated or accounted for without affecting the main 
spirit of the protocol, e.g., the ability to communicate. The built-in nature of 
entanglement purification and, thus, the intrinsic fault-tolerant nature of the entanglement 
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purification process is discussed in more detail in subooquent poragraphs below. _In 
summary, the procoss of the present invention has built-in entanglement purification and 
is intrinsically fault-tolerant. 

The second source of noise comes from the dark counts of the single photon 
deteetof sSPDs 180 and 190 . The dark count gives a detector click, but without population 
of the collective atomic mode, so it contributes to the vacuum coefficient in the EME 
state. If the dark count comes up with a probability pc for the time interval , the vacuum 
coefficient is given by 

9 

which is typically much smaller than 1 siaee -because t he Raman transition rate is much 
larger than the dark count rate. 

The final source of noise, which influences the fidelity to get the EME state, is caused by 
an event in which more than one atom is excited to the collective mode S whereas there is 
only one click in either dete6ter-SPD.180 or 190. The conditional probability for that 
event is given by pc , so we can estimate the fidelity imperfection JFo =l-Fo for the 
entanglement generation by 

AFo-pc—. ■ ("^^ 

By decreasing the excitation probability pc, it is possible to make the fidelity imperfection 
closer and closer to zero with the price of a longer entanglement preparation time To . 
This is the basic idea of the entanglement purification. In this scheme, the confirmation of 
the click from the single-photon detector generates and purifies entanglement at the same 
time. 

In Sie-entanglement swapping, the dominant noisejs loss, t he loooos, which includ e 
tiwsuch as associated with oontributiono from the SPDdeteetef inefficiency, the 
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inefficiency of the excitation transfer from the collective atomic mode to the optical 
mode, and the small decay of the atomic excitation during the storage. By introducing the 
detector inefficiency, the imperfection is automatically taken into account by the fact that 
dotcctoro SPDs lSO and? 190 cannot distinguish between a siagle-single photon and two 
photons. The overall efficiency in the entanglement swapping is denoted by rjs . The loss 
in the entanglement swapping gives contributions to the vacuum coefficient in the 
connected EME state, since in the presence of loss a single detector click might result 
from two collective excitations in the ensembles Ii and h, and in this case, the collective 
modes in the atomic e nsembles L and R have to be in a vacuum state. After taking into 
account the realistic noise, it is possible to specify the success probability and the new 
vacuum coefficient for the entanglement connection by the recursion relations 

^'-/■(^">=''-<'-2(^"<<^'-"" ,./#,.,) = 2c,.,.l-,. 
coefficient cq for the entanglement preparation is typically much smaller than 1- ris , 
c,*(2'-i)(l-/7,) = (4/A-l)(l-%) , 

where I, denotes the commimication distance after / times entanglement connection. 
With the expression for the c, , the probability /?, and the communication time T„ are 
evaluated for establishing an EME state over the distance L„ = 2"Lo . After the 
entanglement connection, the fidelity of the EME state also decreases, and after n times 
connection, the overall fidelity imperfectio n is given bv: 

AF„ must be fixed to be small by decreasing the excitation probability /7c in Equation (4). 

The entanglement connection scheme also has built-in entanglement purification 
fimction. This can be understood as follows: Each time entanglement is connected, the 
imperfections of the setup decrease the entanglement fraction l/(Ci + 1) in the EME state. 
However, the entanglement fraction decays only linearly with the distance (the number of 
segments), which is in contrast to the exponential decay of the entanglement for the 
connection schemes without entanglement purification. The reason for the slow decay is 
that in each time of the entanglement connection, the protocol must be repeated until 
there is a detector click, and the confirmation of a click removes part of the added 
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vacuum noise since a larger vacuum components in the EME state results in more 
repetitions. The built-in entanglement purification in the connection scheme is essential 
for the polynomial scaling law of the communication efficiency. 

Entanglement::based applications of the inventio n, such as long-d istance quantum 
communication systems, also have built-in entanglement purification which makes them 
resilient to th&-_realistic sources of n oise. Firstly, the vacuum components in the EME 
states are removed from the confirmation of the detector clicks and thus have no 
influence on the fidelity of all the application schemes. Secondly, if the single photon 
deteetersSPDs and the atom-to-light excitation transitions in the appUcation schemes are 
imperfect with the overall efficiency, then these imperfections only influence the 
efficiency to get the detector clicks with the success probability replaced by 

and have no effects on the communication fidelity. .Finally, the phase shifts in the 
stationary channels and the small asymmetry of the stationary setup are removed 
automatically when the EME state is projected onto the PME state, and thus have no 
influence on the communication fidelity. The noise not correctable by this method 
includes the detector dark count in the entanglement connection and the non-stationary 
channel noise and set asymmetries. The resulting fidelity imperfection from the dark 
count increases linearly with the number of segments L„/Lo , and form the non-stationary 
channel noise and set asymmetries increases by the random-walk law {LJUf^ ■ For each 
time of entanglement connection, the dark count probability is about 10'^ if a typical 
choice is made tiiat the collective emission rate is about 10 MHz and the dark count rate 
is /O^Hz . This noise is negligible even if for communications over a long distance-(^^ 
tiio ohannol attenuation longtii for inotono e ) . The non-stationary channel noise and 
setup asymmetries can also be safely neglected for such a distance. For instance, it is 
relatively easy to control the non-stationary asymmetries in local laser operations to 
values below iO'^ witii tiie use of accurate polarization techniques for Zeeman sublevels. 
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In oomo formulQO in thio opooifioQtion, tho "proportional to" oign (.about.) io replacod by a 
box symbol, ouoh as .quadraturo., whioh aloo m e ano "proportional to" her e in. 

Each ef4he entanglement generation.MidT connection ^ and application mothodo m etihod 
of the present invention has built-in entanglement purification. As a result of this 
property, the communication fidelity can be fixed to be nearly perfect, and the time for 
preparing the system for communication increases only polynomially with the operating 
Hi stanc e over which communication takes place . To communicate over a distance L = L„ 
= TLo Jos, overall fidelity imperfection must be fixed to be a desired small value AF„ , 
in which case the entanglement preparation time is 
Jo - tj{T,^AF,y{L„ /L,)t, /(/7,AF„) 

For an effective generation of the PME state, the total communication time 

with 

The total communication time scales with the distance by the law 

where the success probabilities pi,pa for the entanglement connection and for the 
entanglement application have been specified before. The expression (5) confirms that 
the communication time Ttot increases with the distance L only polynomially. In the first 
limiting case, the inefficiency 1-tjs or the entanglement swapping is assumed to be 
negligibly small. It is deduced fi-om Equation (5) that in this case the communication time 

with the constant 

being independent of the segment and the total distances Lo and L. The communication 
time Ttot increases with L quadratically. In the second case, it is assumed that the 



22 



inefficiency 1- r}s is considerably large. The communication time in this case is 
approximated by 

T T /r \N2{i/A,H]/2+logi(l/9.-l)+2 VI«, 

which increases with L still polynomially (or sub-exponentially in a more accurate 
language, but this makes no difference in practice since the factor log2(L/LQ) is well 
bounded from above for any reasonably long distance). If Tiot increases with L/Lq by the 
m"' power law {L/Lof, there is an optimal choice of the segment length to be Lq = mlatt 
to minimize the time Ttot ■ As an estimation of the improvement in the communication 
efficiency, it is assumed that the total distance L is about lOOLatt , for a choice of the 
parameter tis « 2/3 , the communication time Tu,/ Icon ~ with the optimal segment 
length Lo ~ 5. ILatt • This result is a dramatic improvement compared with the direct 
communication case, where the communication time T,ot for getting a PME state 
increases with the distance L by the exponential law 



For the same distance Lo ~ lOOLan, one needs TJ Tcon ~ 10^^ for direct communication, 
which means that for this example the present scheme is times more efficient. 



FIG. 2 shows -is a schematic diagram of a quantum repeater apparatus s vstoa 201 similar 
to that of FIG. 1. but that includes two pairs of atomic ensembles. Apparatus 201 
includes including source 1 n.^nd synchronizer 20 . Apparatus 20 1 also includes - a first 
pair of optically coupled c ells 230 and? 3;U -241 that contain respective e f atomic 
ensembles II ;and i 2L. and a second pair of optically coupled cel ls 23 1 and 242 that 
contain respective atomic ensembles 12 and R. Cells 230 and 231 are arranged 
downstream of and are optically coupled to synchronizer 20 via respect ive optical paths 
250 and 251. . oollo 21 1, 212 of atomic onoombloo L, R . _, Ught paths 250, 251, filters 
Filters 260 X and 261 are arranged downstream of respective cells 2 30 and 231 and serve 
the same purpose as filters 70 and 80 in apparatus 1 of FIG. 1. Likewise, - a beam splitter 
270 is arranged at the intersection of optical paths 254 and 255 that are followed bv 
Stokes pulses SI2 and SIl that emanate fi-om cells 231 and 230. O ptical paths 254 and 
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255 optically couple filters 261 and 260 to respective SPDs 280 an d 281. A 
photodetector control system 290 is counled to SPDs 280 and 281 mntrols the operation 
of the SPDs. . oinglo photon dotootoro 2 8 0, 281, and photo dotootor oontrol oystom 290. In 
addition, FIG. 2 ohowo unpoattorod light patho 252, 253, and otokofl light patho 251, 255. 

In the operation of apparatus 201. Concurr e nt light pulses P0 .tranomittod fromemitted by 
source 10 pass through synchronizer 20. which creates synchronized l ight pulses PI and 
P2 that t raverse paths 250 r and 251 to atomic e nsembles Il-and_I2 contained in 
respective i a-cells 230Tand 23 1 . .In atoimc.ensembles Il.Tand 12, the photons in the light 
pulse phntnnr. nithor undorpo incident on the atomic ensembles eit h er undergo a collective 
stokes scattering ef - from t he atoms of Ihe ensemble, or they do not. If they do not, they 
are reflected by filters 260-;M^ 261 along optical p aths 252.Tand-§3^253- On the other 
had, if -tf-fee ¥ the photons are Stokes scattered, they are converted to a_different 
fi-equency (and/or k vector'> and are transmitted allowing b y_ filters 260_Tand 261 te 
distinguioh them firom non ocattorod light. Tho Stokos soattorod light pulooo are 
transmittod .along optical p aths 254 ^and 255 an Stokes pulses SIl and SI2. The Stokes 
pulses (ohotons^T -aftd-then interfere at beam splitter 270. Dotoctora SP^280.?and 281 
receive photons p alses propagating along respective optical p aths 254.^and 255, and each 
deteetei ^SPD g enerates a detection signal ("click") w hen it detects a putsephoton. _Pfeete 
deteetef Photodetector control system 290 controlo detectors 280, 290, and. receives 
detection signals S280 and S281 fi-om dete6tef&-SPDs.280.jand 281 and processes these 
signals . 

FIG. 2 ohowo tsvo pairo of onoombloo L, II and 12, R and four oitoo. . Each of the atomic 
ensemble-pairsj^ pair L andy II and pair I2Tand R, is prepared in an EME state in the 
form of Equation (3). The excitations in the collective modes of fee- atomic ensembles II 
and 12 are transferred simultaneously to the optical excitations by the repumping pulses 
applied to the atomic transition | s> -»• \e> ,^-aa4Ae-Tlie.stimulated optical 
excitations, after a 50%-50% beam splitter, are detected by the oinglo photon 
deteetersSPDs 180 and 190. _If either deteetef-SPD.180 or 190 generates a e liek s click , 
the protocol is successful and an EME state is established between fee atomic_ensembles 
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L and R, thereby doubling the effective communication distance. If no deteeter-SPD 
generates a click, the previous entanglement generation and swapping process is 
repeated until finnliy thorn m n nlinlf in Hotootfi r a cHck is generated bv SPD 180 or 190, 
that is, until the protocol succeeds. 

In an example embodiment of apparatus 201. ^ Fhe-the two intermediated atomic 
ensembles II and 12 eestbeate replaced by one ensemble having two metastable states to 
store two different collective modes. The 50% 50% beam splitterJTO operation eaa^is 
replaced by its functional equivalent, a so-called Tt/2 pulse. In the language of quantum 
field theory, let the collective modes be described by the two collective mode aimihilation 
operators, ai and a2 . Such a n/2 pulse maps aj and 02 into their linear combinations in the 
following maimer: 



fly into (fl/ + ifl2)/V2 and a^into (fl/ - ifl2)/V2 



-Eq. (A). 



Physically, such a 7t/2 pulse may be implemented by an external laser (not shown in FIG. 
2) that emits a pulse onto tiie ^e^nsemble containing the two said metastable states. The 
ensemble absorbs the tc/2 laser pulse and changes its own state according to the 
transformation of the two said collective mode annihilation operators described by 
Eq. (A). 

The embodiment in FIG. 2 provides two pairs of the entangled ensembles described by 
the state 

® ^ where 

and ^^2-^ are g iven by Equation (3). In the ideal case, the set^systein_shown in 
FIG. 2 measures the quantities corresponding to operators 
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If the measurement is successful (i.e., one of the detectors registers one photon), the 
ensembles L and R are prepared into another EME state. 

The new ^^-parameter is given by (pi^ (p2 , where (pi and (p2 denote the old ^9-parameters 
for the two segment EME states. In the presence of the realistic noise and imperfections, 
an EME state is still created after a detector click. Noise only influences the success 
probability to get a click and the new vacuum coefficient in the EME state. In general the 
success probability pi is expressed and the new vacuum coefficient cy and 

/^i =/i(^o)and 

where the functions // and f2 depend on the particular noise properties. 

The above method for connecting entanglement between atomic ensembles c an be 
cascaded to arbitrarily extend the effective communication distance. For the 

(i = 1, 2,. . n) entanglement connection, two pairs of atomic ensembles are first 
prepared in parallel of onsembl e s in the EME states with the same vacuum coefficient c/ 
and the same commimication length I/.; and ontanglomon t Entanglement swapping is 
then performed a s sbewB -described above in connection with « FIG. 2 is perform e d . This 
entanglement swapping attempt succeeds with a probability 

After a successfiil detector click, the communication length is extended to Li = 2Li.j , and 
the vacuum coefficient in the connected EME state becomes 

^/=/2(^m) . 

Since the entanglement connection need - needs to b e repeated in average l/pt times, 
the total time needed to establish an EME state over the distance Ln = TLq is given by 

5 

where U denotes the distance of each segment in the entanglement generation. 
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Entanglement can be.attempted at a rate up to the pulse rate of ligbLsource 10. Typically 
available light sources operate up to the megahertz frequencies. In principle, pulse rates 
in the gigahertz frequencies are attainable, and would resuh in a sub-nanosecond time To ^ 
ofoubnonooocond Therefore, the average total time needed to establish entanglement in a 

system of a relatively large number of atomic ensembles using the sys tems and methods 
of the present invention c an be shorter than a micro socond , microsecond . 

In n r.P.nnnH motho dan example embodiment of the invention, the EME is used in the 
communication protocols, such as quantum teleportation, cryptography, and Bell 
inequality detection.. FIG. 3 shows the schomatio ootup for tho realization of quantum 
cryptography. 

FIG. 3 is a schematic diagram of another example embodiment of an entanglement-based 
a pparatus s chematically shows oyotem 301 that employs two pairs o f atomic ensembles 
LI and Rl and L2 and R2. Apparatus 301 can be us ed, for example, in a OKD svstem or 
for testing Bell inequalities. Apparatus 301 including includes s ource 10.jand 
synchronizer 20, as described above, with c ells 330_5and 33 1 arranged downstream of and 
optically coupled to synchronizer 20. Cells 330 and 3331 . containing contmn atomic 
ensembles LI xand Rl, respectively. Apparatus 301 fiirther includes cells 340.7and 34U 
which respectively contai n containing atomic ensembles L2.Tand R2, optically coupled to 
respective cells 300 and 33 1 . Further, cell 330 and 340 are optical lv coupled via optical 
path 342. while cells 331 and 341 are optically coupled via optic al path 344. A first beam 
.yUtt^Mi^gplittftr 3S0 .is arranged at the intersection o f optical paths 353 and 354 leading 
from cells 330 and 340 to SPDs 370 and 371. respectively. A sec ond beam splitter 351.; 
is arranged at the intersection of optical paths 357 and 358 leadin p from cells 331 and 
341 to SPDs 380 and 381. respectively. A first phase shifter p haao ohiftcrs 7,60-,^-^ 
arranged in optical path 353 between cell 340 and first beam s plitter 350. A second 
phase shifter 361 is arranged in optical path 357 between cell 3 41 and second beam 
splitter 361. . photo dotootoro 3 8 0. 3 8 1, photo dotootoro 390, 391, and ^ hete-Photo 
detector control system ^290 is operablv coupled to SPDs 3 70. 371. 380 and 381.T 
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FIG. 3 ohowo an e mbodimont in long diotonoo quantum koy distribution or in tooting of 
Boll inoqualitios. In FIG. 3, two pairs of atom onoombleo (LI, Rl) ond (L2,R2) are 
sh«w» ^ In apparatus 301. E ae h each pai r of atomic ensembles -t for example,.EMr 
(Ll,Rl)r^ can be the result of a concatenated appUcation o f apparatus 201 of FIG. 2 
employing ^ entanglement swapping and entanglement purification^ as discussed m 
preceding paragraphs above. Additional laser sources 10 and any-synchronization systems 
20 aro probabh inav be needed to set up the initial state ef for atomic e nsemble pairs 
(L1,R1) and also (L2,R2). Howovor, oinco thooo additional olomonto have boon diocuooed 
in preceding rnng^^r^ " " r>nnn < »ming FTfi 7 wn will loave thorn out from In apparatus 
301 of F IG. 3 . it is and oooxmi e assumed t hat the preparation of the initial states of 
atomic ensemble pairs (L1,R1) and (L2,R2) has already been performed. Formally, the 
state of the atomic ensemble p air, say (LI, Rl), is described as an EME state defined 
earlier. The arrow 385 indicates tho fact that the atomic ensemble p air (LI ,R1) has been 
prepared in an EME state and isr*«Srquantum mechanically correlated with 
entanglement. Similarly, the arrow 386 indicates that tho fact that t he atomic ensemble 
pair (L2,R2) has been prepared an EME state and isrAusrquantum mechanically 
correlated with entanglement. 

In FIG. 3, each atomic ensemble p air (LI, Rl) may be separated spatially by a very long 
distance, say 100, 1000, or even 10,000 km. However, atomic ensembles LI and L2 are 
supposed to be spatially located much closer than the distance between atomic ensembles 
LI and Rl . A typical distance betwee n atomic ensembles LI and L2 may be 10 m or less, 
although a much longer distance of say one km may also be acceptable. Similarly, atomic 
ensemble Rl and R2 are supposed to be spatially located much closer than the distance 
between atomic ensembles LI and Rl . Two pairs of ateffl-atornic_ensembles are needed 
because a pair of photons age- is needed for an experiment in quantum key distribution^ 
whereas a pair of gtem -atomic ensemble typically givog outeenerates only a single 
photon. The bonm r.plittors beam splitters 350 and 351 allow uo to ontangl efor 
entanglement to occur between the two pairs of ateiHh^omic_ensembles, thus generating a 
maximally entangled state between them. 
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In ett^ -an example p r e f e rr e d embodiment, the dotQctor/control p hotodetector control 
system 290 consists o f mcludes two separate detector/control subsystems (not shown) 
located near te -atomic ensemble pairs (L1X2) and (R1,R2X respectively. .The 
detector/control subsystem that4s-located near to atomic ensemble pair (L1X2) controls 
the setting of the-phase shifter 360 and, thus^ decides ea-the type of measurement to be 
performed on the svGt e ms atomic ensembles (L1,L2). Similarly, the detector/control 
subsystem that4s-located near te-(Rl,R2) controls the setting of ^phase shifter 361 and 
decides on the type of measurement to be performed on the svstems-atomic ensembles 
(R1,R2). The output tn thn nxp e rimont in given bv of a pparatus 301 is governed by how 
many and which of the single photon photo dotoctors SPDs 370, 371, 380 and 381 have 
detected a photon. 

As schematically ,shown in FIG. 3, one optical pulse-jath 342 t raverses in sequence 
atomic e nsembles LI and L2 , while another . i\nother optical puke-jath 344 t raverses 
atomic e nsembles Rl and R2. Photons generated by the desired-collective excitations in 
either atomic ensemble LI or L2 propagate to beam splitter (interferer) 350. The relative 
angles r.hown b e tween photon of -optical p aths 342 and 344 into ens e mbl e s, and tiie 
relative angles of optical paths 353, 354 and 357 and 358 p hoton paths fi'om ensembles to 
beam splitters 350, 351 are drawn for convenience of illustration. For example, the 
photons generated by collective excitations in an atomic ensemble may propagate in the 
same direction as incident photons, and subsequently be diverted by a wavelength- 
dependent reflector disposed on a far side of the ensemble. Detection at detector SPD_370 
or 371 indicates a collective excitation in atomic ensemble pair (L1X2), which indicates 
that atomic ensembles L2 ^and R2 Is-are entangled with atomic ensembles LI and^Rl . 

A more detailed and more mathematical description of FIG. 3 is as foUows^T 

Twe-Thejairs of atomic^ensembles, paip-iLl, Rl) and ^JL2, R2} (or altematively 
two pairs of metastable states) are each prepared in EME states. The collective atomic 
excitations on each side are transferred to the optical excitations, which, respectively after 
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a relative phase shift (pi or (pR, and a 50%-50% beam splitter, are detected by the single- 
photon detectors 



There are four possible coincidences of 

which are functions of the phase difference qn - <Pr- Depending on the choice <pl and <pr , 
this setup can realize both the quantum cryptography and the Bell inequality detection. 

It is not obvious that the EME state (3), which is entangled in the Fock basis, is useful for 
these tasks since in the Fock basis it is experimentally hard to de-perform certain single- 
bit operations. EME states can be used to realize all these protocols with simple 
experimental configurations. 

The state of the two pairs of ensembles is expressed as 
^AA ^ f^hh^ where 



denote the same EME state with the vacuum coefficient c„ if entanglement connection 
has been done n times. The ^-parameters in 



are the same provided that the two states are established over the same stationary 
channels. Only the coincidences of the two-side detectors are registered, so the protocol 
is successful only if there is a click on each side. Under this condition, the vacuum 
components in the EME states, together v^dth the state components 





p^^(;: = l,2) 





denotes the ensemble state 
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have no contributions to the experimental results. So, for the measurement ^aeme 
a pparatus of shown by FIG. 3, the ensemble state 

is effectively equivalent to the following "polarization" maximally entangled (PME) state 

The success probability for the projection from 

(i.e., the probability to get a click on each side) is given by 

;,,=l/[2(c„-i-l)'] 

In FIG. 3, the phase shift 
1//^ (A = L or R) 

together with the corresponding beam splitter operation are equivalent to a single-bit 
rotation in the basis 

with the rotation angle 6 = ^/J2 .Now, there is the PME state and it is possible to perfonm 
the desired single-bit rotations in the corresponding basis, and thus to implement 
quantum cryptography and Bell inequality detection. For instance, to distribute a 
1 quantum key between the two remote sides, we simply choose -randomly from the set {0, 

71/2} with an equal probability, and keep the measurement results (to be 0 if i clicks, 

and 1 if clicks) on both sides as the shared secret key if the two sides become aware 
that they have chosen the same phase shift after the public declare. This is exactly the 
Ekert scheme and its absolute security is already proven. For the Bell inequality 
detection, we infer the correlations 
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Ein , if , ) - -P^^ + P^_^ - PolDS -Pd^^^ <=°^((^i - (^^^ from toe 
measurement of the coincidences 

,etc. 

For the notup shown in a pparatus of FIG. 3, the output is 
|£'(0,;r/4) + Z(;r/2,;r/4) + ^(;r/2,3^/4)-i:{0,3;r/4)| = 2>/2 
whereas for any local hidden variable theories this value should be below 2. 

A third method of using the preferred embodiment realizes the setup for probabilistic 
quantum teleportation of the atomic "polarization" state. Similarly to the second method, 
two pairs of ensembles Li,Ri and L2,R2 are prepared m the EME states. An atomic 
"polarization" state 

can be teleported with unknown coefficients do, di from the left to the right side, where 

s\ si 

denote the collective atomic operators for the two ensembles Ii and I2 (or two metastable 
states in the same ensemble). The collective atomic excitations in the ensembles Ii ,L\ 
and I2 ,L2 are transferred to the optical excitations, which, after a 50%-50% beam splitter, 
are detected by the single-photon detectors 

A'.A'andA',^' . 

If there are a click in M or ^1 and a click in ^2 or ^2 , the protocol is successful. A 
^-phase rotation is then performed on the collective mode of the ensemble R2 conditional 

on that the two clicks appear in the detectors ^ ' - or 1=2. The collective 
excitation in the ensembles Ri and R2- Jf appearing, would be found in the same 
"polarization" state 
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The established long-distance EME states can be also used for faithful transfer of 
unknown quantum states through quantum teleportation, with the sotup ohownapparatus 
of-^ FIG. 4. 

FIG. 4 nchomaticallv ahows is a schematic diagram of another example embodiment of an 
entanglement-based apparatus ovot e m 1 01 according to the present invention that 
includes two pairs of atomic ensembles (LI. Rl) and (L2. RD. Apparatus 401 includes 
including ^secondary control system 495 that includes light source 10 and synchronizer 
20. Secondary control system 495 is operablv coupled to photodetec tor control system 
490 yia aT communication link 49 6. Secondary control system 495 is also operablv 
coupled to cells 430 and 43 1 that contain atomic ensembles Rl and R2. respectively , via 
respective optical p«Ise-_channels 497tand 498. A pparatus 401 also includes . colls 130, 
4Mr.cells 440j_and 441 that respectively contain atomic ensembles LI and L2 and that 
are optically coupled to cells 430 and 431. respectively, as indicated bv ar rows 485 and 
486. 

Apparatus 401 further includes ^ -and cells 442t and 443 that contain respecti ve atomic 
ensembles II and 12. Optical paths 550 and 552 optically couple cells 440 and 442 to a 
firgf _ hnnm r.plittorr . 150. 151 beam splitter (interferer't 450 and then to SPD s 470 and 471. 
Likewise optical paths 551 and 553 optically couple cells 441 and 443 to a second beam 
splitter (interferer'> 451 and then to SPDs 480 and 481 . smelo photon dctootors 170, 171, 
and 1 8 0, 1 8 1, and photo det e ctor control system 190; 

In operation of the -apparatus 401 of FIG. 4, omhodiment. p hotodetector p hoto detector 
control system 490 receives detection signals ("clicks") from single photon 
deteetwsSPDs 470 -and 471, and 480t and 481. Based upon that^at athe received 
detection signals., photo dotoctor p hotodetector control system 490 sends optical pulse 
generation control data in the form of signal S490 v ia communication link 496 to 
secondary control system 495. .Based upon feat-the optical pulse generation control data, 
secondary control system 495 controls an optical sourc e 'sti ie generation of optical pulses 
PI andP2 for transmission to atomic e nsemble Rl or atomic ensemble R2. The two; 
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headed arrow denoting optical paths 485 and 486, respectively, b etween ens e mbles 
K4^t4-Jndicate that thos e two ensembl e s arc initially entangl e d. The two h e ad e d arrow 
between onsombloo R2,L2 indicate that those two ensembles are initially entangled. 
atomic ensembles Rl and LI are entangled, and that atomic R2 and L2 are entangled. 

Apparatus 401 of FIG. 4 a howa an embodiment can be used for probabilistic quantum 
teleportation. Consider the atomic a tom ensembles (LI, Rl) and (L2,R2) ^ shown in FIG. 
4. Each atomic ensemble p air?- for example, (L1,R1) n.can be the result of a 
concatenated application of a pparatus 201 of FIG. 2 , which emnlovs^ entanglement 
swapping and entanglement purification, as^ discussed in prec e ding paragraphs. aboye. 
Additional laser sources 10 and any synchronization systems 20 ^aro probabl vm av be 
needed to set up the initial state of atomic ensemble pairs (LLRl) and also (L2,R2). 
However, since those additional elements have been discussod in preceding paragraphs 
concoming FT^ ^v^^^ ^^"v^ thom nut from FIG. 1 and assum e it is assumed that the 
preparation of the initial states of atomic ensemble pairs (LLRl) and (L2,R2) has already 
been performed. Formally, the state of a atomic ensemble p ain say (LI, Rl), is described 
as an EME state defined earlier. The double ^ <^=few -arrow for optical path 4 85 indicates 
the fact, that the atomic ensemble p air (L1,R1) has been prepared in an EME state and is, 
thus, quantum mechanically correlated with entanglement. Similarly, the double arrow 
for optical path 4 86 indicates that the fact that, the atomic ensemble p air (L2,R2) has 
been prepared an EME state and is^ thus, quantum mechanically correlated with 
entanglement. 

In apparatus 40 L H Gt-^t each atomic ensemble p air (L1,R1) may be separated spatially 
by a very long distance, say 100, 1000, or even 10,000 km. However, atomic ensembles 
LI and L2 are supposed to be spatially located much closer than the distance between 
atomic ensembles L I and Rl. A typical distance betwee n atomic ensembles - LI and L2 
may be 10 meters or less, although a much longer distance of say one km may also be 
acceptable. Similarly, atomic ensembles R l and R2 are supposed to be spatially located 
much closer than the distance between atomic ensembles L I and Rl . Note that two pairs 
of atem-atomic_ensembles are needed because the experiment concerns a state of a pair of 
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polarization entangled photons^ whereas a pair of atem -atomic ensembles typically gives 
out only a single photon. 



In apparatus 40L F }Gr4, the pair of atma -atomic e nsembles (II ,12) is in some unknown 
quantum state. The goal of FtGr4a pparatus 401 is to teleport this unknown state from 
atomic ensemble pair (II J2) to the right hand remote atomic ensemble pair - side-(Rl,R2). 
Here, atomic ensemble II is located spatially close to atomic ensemble L L and atomic 
ensemble 12 is^spatially close to L2. _A typical distance between atomic ensembles II and 
LI may be 10 meters or less, although a much longer distance of say one km may also be 
acceptable. The same is true Similarly, for atomic ensembles 1 2 and L2. Here, a 
photodetector/control system 490 can be used for controlling tho photo dotootoro SPDs 
470, 471, 480 and 481. Effectively, atomic ensemble pair (L1X2) constitutes a logical 
qubit (call it qubit A) and atomic ensemble pair (I1J2) constitutes an unknown input 
qubit (call it qubit E). In PIG:- 4 apparatus 401, a probabilistic Bell-measurement is 
performed on the joint system of tho above odd qubits (A,E). The atomic ensemble p air 
(R1,R2) represents a third qubit, e^Ht-qubit B. Photodetector G enfre l control system 490 
obtains the outcome of the probabilistic Bell-measurement and sends it via the 
communication link 496 via signal S490 to the secondary control system 495. 
Conditional on the information in the outcom e signaLit has received, the-secondary 
control system 495 may apply one out of a plurality of of a number of possible operations 
on the atomic ensemble syst e ms, Rl and R2^ via tho control lin e s^ optical paths 497 and 
498t to regenerate the state of teleported qubit (qubit E). In other words, after the re- 
generation, the state of the qubit B, which is stored in the physical system of the atomic 
ensemble p air (R1,R2), now becomes the state of the original qubit E. Therefore, the 
quantum signal has been sent over long distances of potentially 100, 1000 or even 10000 
km. 

The-A.mathematical and more detailed description of apparatus 401 of F IG. 4 is as 
follows: 
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In this sotup apparatus 401. if two dotootors olio k SPDs click - on the left side ri.e.. SPDs 
471 and 480\ there is a significant probability that there is no collective excitation on the 
right side of the appajatus. since the product of the EME states 

contains vacuxim components. However, if there is a collective excitation appearing from 
the right side, its "polarization" state would be exactly the same as the one input from the 
left. The teleportation here is probabilistic and needs posterior confirmation; but if it 
succeeds, the teleportation fidelity would be nearly perfect since in this case the 
entanglement is equivalently described by the PME state (6). The success probability for 
the teleportation is also given by 

p„=l/[2(c„+lf]^ 

which determines the average number of repetitions for a successfiil teleportation. 

The foregoing describes the theory of the invention and practical applications based upon 
collective excitation of n rnrrftlnt e d nvfit e m of alkali atoms atomic ensembles , and 
provides some specific examples of r-yr,tntnr . for uning tho invontion for long-distance 
signal communicatio n systems . However, tho inventors recogniz e that_ -collective 
excitations in many efe ^tvnes of c orrelated systems exist, and fe at-many of those 
excitations systems may be found suitable for use as a correlated system of the invention 
instead of tho atomic ens e mbl e s not e d in tho foregoing exampl e s . Thus, while only 
certain features of the present invention have been outlined and described herein, many 
modifications and variations will be apparent to those skilled in the art. Therefore, the 
claims appended hereto are intended to cover all such modifications and equivalents that 
fall within the broad scope of the invention. 
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